Abstract. -An investigat.ion into the effect of melt spinning variables and subsequent heat treatments on Cu-Ni-A1 shape memory alloys is described. Transformation temperatures for a wide range of alloys have been measured by Differential Scanning Calorimetry. Heat treatments below 3 0 0~~ result in a stabilisationof transformation temperatures, whereas those above qive rise to extensive precipitation and a gradual fading of the reversible martensite reaction.
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Introduction. -In copper-base memory alloys which have been worked in the hiqh telvperature L3 phase field, the grain size is often of the order of 1 mm in diameter. Tt is tkought that this could account for the tendency of copper-hase alloys to fail intergranularly by thermal and mechanical fatigue. Rapid solidification processing is a method for achieving small grain sizes in strip and wire. Initial studies on Cu-Zn-A1 and Cu-Ni-A1 alloys (1 -3) demonstrated that there is no difficulty in making wire on ribbon by a rapid solidification route. More recent work on similar alloys using a different process route (4) has shown that the transformation temperatures were lowered and the differences in data compared with earlier work have been associated with the exact alloy compositions and subsequent solid state quench rate after leaving the rapid solidificati.on zone (5).
Experimental Details. -Alloys were made from pure starting materials and the compositions of each checked except for alloy 1. The analyses are qiven in Table 1 . There is now considerable data to show that cooling of a ribbon on a melt spinning wheel is highly dependent on alloy and wheel condition. In the present case, an iron base alloy which could be rendered amorphous gave a temperature profile indicating that it left the spinning wheel at 5000C after experiencing a cooling rate of 2 x lo6 K s-l. Under similar conditions, an alloy which crystallized could be observed to still have a molten layer on its surface on leaving the wheel. Discussion of +his topic is beyond the scope of this present paper, but it should be noted that a wide variation in structure and cooling rates can result as a consequence of this phenomenom (c.f. 7, 0).
Assuming optimistically that a ribbon of memory alloy leaves the wheel at 500°c, it demonstrates the need to maintain an effective secondary quench down to ambient temperature if the benefits of rapid solidification are to be conserved. In reality it is assumed that such ribbon is still in the high temperature B phase field, and a number of devices were tried to maintain a good secondary quench. Baths of both water and liquid nitrogen were placed about 150 mm from the point of impingement of molten stream on the wheel. In addition jets of liquid nitrogen were directed at the ribbons at about 50 mm in front of the impingement point. If the jets were brought any closer then ribbon did not form as the turbulent gas flow broke up the stable puddle.
Samples of about 10 mg were analysed by differential scanning calorimetry using either a Du Pont 1090 or 990 analyser in order to detect transformation temperatures using a heating and cooling rate of 30 K s-1. All heat treatments below 6000C were also performed in a DSC cell. Structural observations were made on a Philips 5018 scanning electron microscope and a JEOL 200 CX transmission electron microscope.
Results and Discussion. -A summary of the transformation temperatures that were measured by differential scanning calorimetry are given in Table 2 . The 'bulk' value given normally refers to ribbon which has been heat treated at 1200 K for five minutes followed by water quenching.
In some cases the Ms temperature is not recorded since it is relatively difficult to detect and as the As -Ms values are within 10 K of each other the AS and Af temperatures were taken as characteristic temperatures. Previous data (2) have shown that this is a reasonable assumption to make for these materials. There is also considerable room for interpretation in deciding the values of As and Af for broad peaks. In the present case, a tangent to the endothermic peak was drawn at 0.25 peak height and the intercept measured with a line extrapolated from the base line was taken as the characteristic temperature. A further complication arises from the change in specific heat of the materials during the reaction which accounts for a change in base line slope. However, although the exact temperatures could be open to interpretation the numbers given accurately indicate the trends that are observed. In all cases the As temperature of the 'as melt spun' material was equal or below that of the bulk value. The variation in values with respect to wheel condition (especially the As -Af value) is quite considerable and demonstrates clearly why some initial results on Cu-Zn-A1 alloys appeared to give conflicting results (1, 2, 5). From Table 2 the following points can be derived regardingalloy2
First, the condition of the wheel is important in obtaining consistent transformation characteristics. While it is simple to suggest that this is just a function of thermal conductivity, it should not be ignored that other factors, for example surface oxides, wetability of liquid on wheel, effects on hetrogeneous nucleation etc., can also vary with wheel material. Secondly, the wheel speed seems only to be a critical factor if secondary cooling is not provided. Since the wheel speed influences the relative air/ribbon velocity after it leaves the wheel in addition to providing a thinner ribbon as the speed increases (consistent with the fact that 1 ----cieLl7cr:r of noltcn netal is at a constant ratt), secondary alr cooling sufficient to give consistent results can be achieved at very high speeds. It should be noted that at peripheral wheel speeds of 60 ms-I the ribbon thickness is of the order of 30 pm and displays considerable porosity, while at 20 ms-1 the thickness of is of the order of 100 pm. Thirdly, any form of secondary cooling (water or liquid nitrogen) enables consistent values to be obtained for any wheel speed and condition. This fact is of considerable importance commercially as it would enable thick ribbon to be processed 'on wheels which do not erodequickly. In the present case, the presence of a container of liquid for catching the ribbon as it left the wheel resulted in concertinering of the ribbon as it hit the sides of the container. Care was taken in all cases to perform calorimetry and microstructural tests on undeformed material. One sample of alloy 2 was deliberately deformed by continuous bending and did not display a distinct peak on heating from -50°C to 220°C. However, a change in slope indicating a change in specific heat was noted at 730C and it appears that any reaction that is taking place occurs from about 0 to 1450C. After cooling the sample to -50°c again, a sharp peak was observed with an As of 2 7 O~ and an Af of 630C (Af -As = 36K) which are consistent with the undeformed material. This observation suggests that the reason for sharpening of peaks on subsequent cycles (1) is a result of the removal of internal and deformation strains at low temperatures.
Structural studies on alloys 3, 4, and 5 have shown that a grain size of between 5 -10 urn is achieved by rapid solidification and that crystallisation is by dendritic growth (2) . By contrast alloy 1 exhibits planar front growth (figure la) with a grain size of 2 -3 ym. Alloy 2 (figure 2b) has transformed to martensite and it is difficult to measure the solidification grain size, although evidence from transmission electron microscopy suggests that growth has been either planar or cellular-and that the grain size is between 2 -5 pm. Alloys 6 and 7 grow dendritically and Ti Bq particles are observed in interdendritic regions in alloy 6.
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A t p r e s e n t t h e n a t u r e of t h e m a r t e n s i t e formed on quenching i s not c l e a r . I n samples t h a t have n o t been deformed, t h e lf ' (2H) s t r u c t u r e would be expected i n t h e n i c k e l bearing a l l o y s , b u t on deformationlthe B~' (18 R) s t r u c t u r e might be expected ( 9 ) .
A mixed s t r u c t u r e would account f o r t h e wide transformation regime reported f o r t h e d e l i b e r a t e l y deformed sample above. Figure 2a shows t h e t y p i c a l m a r t e n s i t e s t r u c t u r e from a l l o y 2 a f t e r quenching i n a i r a t a wheel speed of 60 m s -l .
However, i n a sample t h a t h a s been water cooled (and may have s u f f e r e d deformation), t h e d i f f r a c t i o n evidence suggest i n some c a s e s t h a t 61' might be p r e s e n t .
The s e r i e s of micrographs i n f i g u r e 2b-d a r e from such an a r e a showing both t h e b r i g h t f i e l d , lX13 domain s i z e , and ~0 0 1~ d i f f r a c t i o n p a t t e r n from such area.
Considerable study has been made on t h e e f f e c t of h e a t treatment of melt spun Cu-Ni-A 1 a l l o y s ( 2 ) and a summary i s presented below. The Ms temperature i n a l l o y s 3, 4
and 5, aged a t 9 7 0 0~ r i s e s t o a c o n s t a n t value about 30 -50 K above t h e melt spun value a f t e r 45 minutes and t h i s i s a s s o c i a t e d with g r a i n growth. It i s a l s o found t h a t transformation temperatures r i s e a f t e r h e a t treatment above lOOOC i n a l l a l l o y s .
Data f o r t h e r i s e i n temperature with ageing temperature and time a r e given i n f i g u r e 3 f o r a l l o y 2. These a r e very s i m i l a r i n n a t u r e t o those obtained f o r a l l o y 4 12) which had been aged a t 2500C and 3CQ0c.
I t appears t h a t a t temperatures below 300oC t h e transformation temperature tends towards a l i m i t i n g temperature (90°c). I f longer h e a t t r e a t m e n t s a r e performed (up t o 300 minutes) t h e temperature cont i n u e s t o r i s e very slowly.
However above 3000C t h e r e i s no i n d i c a t i o n of any l e v e l l i n g o f f and i f t r e a t m e n t s over 40 minutes a r e used t h e s i z e of t h e endothermic peak i s reduced considerably and t h e r e a c t i o n becomes d i f f i c u l t t o d e t e c t .
There a r e no obvious changes i n g r a i n s i z e a t t h e s e temperatures and t h e DO3 domain s i z e appears constant.
A change h a s been observed on a l l o y 4 of t h e s i z e and morphology of t h e ' w type' p r e c i p i t a t e which can be observed i n dark f i e l d by using g = 2 (222)bcc and might account f o r t h e below 3 0 0 0~ ageing response i n a l l o y 2.
T A transmission e l e c t r o n micrograph of an a l l o y aged a t 300°C f o r 15 minutes is ~h0w1-1 i n f i g u r e 4a where a f i n e matrix p r e c i p i t a t e can be i d e n t i f i e d by dark f i e l d techniques. F i g u r e s 4b-d show t h e n a t u r e of t h e p r e c i p i t a t e observed i n a sample aged a t 35% f o r 15 minutes. This p r e c i p i t a t e i s h i g h l i g h t e d i n dark f i e l d by t h e %(222)bcc r e f l e c t i o n . Further work i s i n progress on t h e n a t u r e of t h i s p r e c i p i t a t i o n r e a c t i o n .
